Abstract Cork oak (Quercus suber) somatic embryos were coated with alginate for the production of synthetic seeds and their storability for commercialization was investigated. Also, the automatic monitoring of somatic embryo growth with a digital system of image capture was tested. A power regression model was fitted between size and fresh weight (Adjusted R-squared = 0.96). This method permitted growth assessment without contamination risk and opens the possibility of an automated control of culture growth for the future up scaling of plant production. Conversion rate of synthetic seeds was higher on medium supplemented with mineral nutrients than on medium without nutrients. Also, when the somatic embryos were coated without mineral nutrients added to the capsule, conversion rate was significantly lower. The addition of sucrose to the capsule had no significant effect on the conversion rate. No differences were recorded between 50 and 100 mM CaCl 2 for capsule complexation. Synthetic seeds were cold stored at 4°C for two months without significant loss of conversion capacity. The present study reports the first attempts to determine optimal storage time and conditions for conversion of encapsulated somatic embryos of cork oak.
Introduction
Cork oak (Quercus suber L.), an emblematic Mediterranean forest tree species of both ecologic and economic value for the cork and agroforestry enterprises, has several difficulties for the sustainable management of its populations. These are the age of sexual maturity and irregular reproductive cycle, the difficulty of seed conservation and the difficulty of vegetative reproduction, which are serious drawbacks for the deployment of the classical genetic improvement programs in this species. Somatic embryogenesis has been used as a good alternative to the propagation of selected trees (Bueno et al. 1992; Manzanera et al. 1993) . A bottle-neck of somatic embryogenesis is the late maturation, acclimation and establishment phase. Maturation has been hampered in many woody species by precocious conversion, spontaneous repetitive embryogenesis, embryo dormancy, and immaturity problems. Osmotic treatments have been used to promote somatic embryo conversion of cork oak (Garcia-Martin et al. 2001 and of several related species, such as Q. robur (Chalupa 1990) , and Q. ilex Manzanera 2003, 2004) . Nevertheless, little attention has been devoted to late maturation and conversion. During maturation, cell expansion and storage substance accumulation take place, which is crucial for fuelling the conversion process. Embryo weight increment is an indicator of embryo quality and a pre-requisite for successful conversion (GarciaMartin et al. 2005) .
A well-tuned somatic embryogenesis system is also required for synthetic seed production. Synthetic, artificial or somatic seeds are analogous to the true or botanical seed, and consist of a somatic embryo surrounded by one or more artificial layers forming a capsule (Cangahuala-Inocente et al. 2007 ). Synthetic seeds may provide the only technology realistically amenable to the extensive scale-up required for the commercial production of some clones (Bornman 1993) . Synthetic seeds have multiples advantages, including easy handling and transportation, potential long-term storage, higher scale-up capacity, uniformity in production, potential for automation of the whole production process, seeding of clonal varieties, and may provide a means for maintenance of elite germplasm (Singh et al. 2007 ). High conversion ability and compact size are indispensable features for synthetic seeds (Nieves et al. 1995) .
Studies on synthetic seed production using somatic embryos have been reported in a few forest species, such as Paulownia elongata (Ipekci and Gozukirmizi 2003) , Eucalyptus citriodora (Muralidharan and Mascarenhas 1995) and Chamaecyparis pisifera (Maruyama et al. 2003) . Somatic embryos of Quercus serrata L. were encapsulated in 4% sodium alginate with half-strength MS medium (Murashige and Skoog 1962) and 6-benzylaminopurine (BA), but only root elongation was observed upon conversion (Ishii et al. 1999) . Synthetic Quercus robur L. seeds were produced by embedding somatic embryos in various sodium alginate concentrations. Four percent sodium alginate was found to be more appropriate than concentrations of 6.8 or 3% (Wilhelm et al. 1999) . The alginate matrix around the somatic embryos provides resistance to manipulation and transport, and preserves viability and conversion, especially if the encapsulated matrix is enriched by nutritive substances (synthetic endosperm) (Prewein and Wilhelm 2003) .
In Arnebia euchroma (Royle) Jonst., the encapsulated embryos showed a significantly lower conversion percentage than non-encapsulated embryos set to convert either on full strength or on half-strength MS medium supplemented with 2.5 lM indole-3-butyric acid (IBA) and 2.5 lM BA (Manjkhola et al. 2005) . Encapsulation of proembryogenic masses or somatic embryos derived from suspension cells provided successful conversion rate in Spartina alterniflora (Utomo et al. 2008) . Lower conversion percentages of encapsulated somatic embryos in comparison to nonencapsulated somatic embryos is in conformity with the findings of several researchers (Bapat and Rao 1988; Ghosh and Sen 1994) .
Storage of somatic embryos or vegetative propagules using an alginate-encapsulation protocol has been attempted in only a few species with various degrees of success, but would be very useful for cryopreservation of encapsulated germplasm of woody species, such as oaks (Gonzalez-Benito et al. 1999) , Punica granatum (Naik and Chand 2006) and Vitis sp. (Wang et al. 2004) .
The objectives of this paper are to develop an efficient method for plantlet regeneration of cork oak from synthetic seeds produced from somatic embryos, and to test the automatic monitoring of somatic embryo growth and eventual maturation in vitro, for the standardization of synthetic seed production.
Material and methods

Plant material
Immature acorns were collected every week, from selected trees of Quercus suber L., located in Extremadura (Western Spain), during the period of fruit development, from July to October. Cupules were peeled from immature acorns and these were surface-sterilized by immersion in 70% (v/v) ethanol for 30 s and in 2% (v/v) sodium hypochlorite (3.5% (w/v) active chlorine) with a drop of 'Tween 20' for 20 min followed by three rinses in sterile distilled water over 10 min each. Immature zygotic embryos were isolated, dissected and cultured under aseptic conditions.
Culture media
Basal culture medium for somatic embryos contained full macronutrients (Sommer et al. 1975) , microminerals and cofactors (Murashige and Skoog 1962) , 3% (w/v) sucrose and was solidified with 0.8% (w/v) agar (Panreac Ò , Registry of the Chemical Abstracts Service (CAS code) 9002-18-0, from Panreac Quimica S.A., Spain; Bueno et al. 1992) . All media were adjusted to pH = 5.6 after addition of agar and before autoclaving at 101.3 kPa (120°C) for 20 min. In all experiments, plant growth regulators, amino acids and activated charcoal are added to the medium before autoclaving.
Somatic embryo induction from zygotic embryos
Cork oak immature zygotic embryos were cultured in 9 cm diameter Petri dishes containing 25 ml basal medium supplemented with 2.3 lM 2,4-dichlorophenoxyacetic acid (2,4-D) for one month. One embryo was cultured per Petri dish, and these were sealed with Parafilm Ò . Then embryos were transferred to basal medium supplemented with 3.4 mM glutamine (Gln) without 2,4-D for somatic embryo induction. The cultures were maintained in a growth chamber at 25 ± 2°C under cool-white fluorescent light (50 lmol m -2 s -1 photon flux density) and a 16 h photoperiod.
Somatic embryo maturation
Somatic embryos at the cotyledonary stage, 3 to 4 mm in size and of translucent appearance, were matured in 9 cm diameter Petri dishes containing 25 ml basal culture medium supplemented with 1% activated charcoal. The cultures were kept in darkness for one month at 25°C, with four embryos per Petri dish. Then, mature embryos were stratified at 4°C for eight weeks in darkness, in Petri dishes containing full macronutrients (Sommer et al. 1975) , microminerals and cofactors (Murashige and Skoog 1962) , 3% (w/v) sucrose, 0.8% (w/v) agar and supplemented with 1% activated charcoal. Then, they were re-hydrated individually in 15 cm-long and 2.5 cmdiameter test tubes containing 10 ml distilled sterile water and plugged with BellCo Ò caps, for 24 h at 4°C in darkness prior to encapsulation and conversion.
Automatic monitoring of somatic embryo growth
For automated sizing of embryos, the projected area of each embryo was measured with an image analyzer (Image Tool Ò ). We define projected area of any object (i.e., embryo) as the area delimited by the rectilinear projection of the outline of a surface of any shape onto the plane perpendicular to the projection. Each embryo was set in a Petri dish with 0.8% (w/v) agar, and the contrast of the digital camera was set to sharply differentiate the opaque somatic embryo from the surrounding transparent medium. The digital camera was focused in perpendicular direction to the table plane and recorded the embryo projected area. Also, each embryo for which the projected area was measured was put into a previously tared sterile Petri dish and was weighed in aseptic conditions. One month later, both projected area and fresh weight were measured again in the mature somatic embryos and linear or non-linear regression models fitted between both variables with the statistical package SPSS 14.0.1 for Windows (SPSS, 2005) . A total of 1,440 cork oak somatic embryos were measured. For this experiment, nine regression models were tested: linear, logarithmic, inverse, compound, power, quadratic, cubic, exponential and sigmoid. The R-squared statistic was calculated for each model and the one with the best fit was selected.
Encapsulation of mature somatic embryos
Mature somatic embryos (1.5 ± 0.5 cm-size) were encapsulated by immersion in a solution which contained full macronutrients (Sommer et al. 1975 ), except for CaCl 2 which was excluded from the solution, microminerals and cofactors (Murashige and Skoog 1962) , and supplemented with 5% (w/v) sodium alginate (alginic acid Sodium salt from brown algae, Fluka Ò , CAS-code 9005-38-3). This is called encapsulation medium. Then these embryos are immersed in a vial containing 50 mM CaCl 2 for 20 min for complexing. In some experiments, CaCl 2 concentration was doubled to 100 mM.
Experiment 1: effect of encapsulation combined with the mineral composition of the conversion medium on cork oak synthetic seed conversion Mature somatic embryos were subjected to the following two-way experimental design: either encapsulated with 5% (w/v) sodium alginate without mineral nutrients and subsequently immersed in 50 mM CaCl 2 for 20 min, or non-encapsulated for those embryos used as controls, and both types were set to convert either on conversion medium, consisting of macronutrients (Sommer et al. 1975) , microminerals and cofactors (Murashige and Skoog 1962) , 1.5% (w/v) sucrose, 1% (w/v) agar, 0.2 lM BA and 0.5 lM IBA, or on 0.8% (w/v) agar medium without mineral nutrients, cofactors or plant growth regulators. Forty embryos were converted per treatment (160 embryos for the whole experiment).
Experiment 2: effect of the addition of sucrose and mineral nutrients to the capsule on cork oak synthetic seed conversion
In this experiment, mature somatic embryos were re-hydrated individually in test tubes containing 10 ml distilled sterile water for 24 h at 4°C in darkness prior to encapsulation. The effect of the addition of mineral nutrients and sucrose to the capsule of cork oak synthetic seeds on later conversion was tested in a factorial design with the following treatments: encapsulation medium consisting of 5% (w/v) sodium alginate without mineral nutrients and without sucrose (control), 5% (w/v) sodium alginate and 1.5% (w/v) sucrose without mineral nutrients, basal encapsulation medium supplemented with full macronutrients (Sommer et al. 1975 ), except for CaCl 2 which was excluded from the solution, microminerals and cofactors (Murashige and Skoog 1962) , 5% (w/v) sodium alginate and without sucrose, and basal encapsulation medium, supplemented with full macronutrients (Sommer et al. 1975 ), except for CaCl 2 which was excluded from the solution, microminerals and cofactors (Murashige and Skoog 1962), 5% (w/v) sodium alginate and 1.5% (w/v) sucrose. In all treatments, the encapsulation medium was supplemented with 0.2 lM BA and 0.5 lM IBA and complexed with 50 mM CaCl 2 for 20 min. Then, all treatments were set to convert in Petri dishes with 0.8% (w/v) agar without any further additives. Forty three embryos were used per treatment (172 embryos for the whole experiment).
Experiment 3: effect of the addition of sucrose to the capsule and cold storage of synthetic seeds on the conversion rate Mature somatic embryos were encapsulated with encapsulation medium, consisting of full macronutrients (Sommer et al. 1975 ), except for CaCl 2 which was excluded from the solution, microminerals and cofactors (Murashige and Skoog 1962) , either supplemented with 3% (w/v) sucrose or not, and the alginate capsule was complexed with 100 mM CaCl 2 for 20 min, except for those embryos used as controls, which were not encapsulated. Those embryos subjected to encapsulation were either set to convert on basal medium supplemented with 1% (w/v) agar, 1.5% (w/v) sucrose, 0.2 lM BA and 0.5 lM IBA, or cold stored at 4°C inside test tubes containing 1 ml sterile distilled water, for two or five months, prior to conversion on basal medium supplemented with 1% (w/v) agar, 1.5% (w/v) sucrose, 0.2 lM BA and 0.5 lM IBA. Thus, a two-way experiment was designed by combination of the effect due to the addition of sucrose to the capsule, and the effect due to the cold storage of cork oak synthetic seeds. Thirty embryos were used per treatment when embryos were encapsulated with the addition of 3% (w/v) sucrose, and ten embryos per treatment when they were encapsulated without sucrose. Thus a total of 160 embryos were used for the whole experiment.
Experiment 4: effect of encapsulation, cold storage at 4°C and calcium chloride concentration on the conversion of encapsulated somatic embryos Mature somatic embryos were immersed in basal encapsulation medium, consisting of full macronutrients (Sommer et al. 1975 ), except for CaCl 2 which was excluded from the solution, microminerals and cofactors (Murashige and Skoog 1962) and supplemented with 5% (w/v) sodium alginate, except for those embryos used as controls. The basal encapsulation medium was complexed for 20 min with CaCl 2 , either at 50 or 100 mM concentrations. With each of both concentrations, the following treatments were tested: encapsulation with basal encapsulation medium and subsequent cold storage at 4°C for two months (20 embryos treated with 50 mM CaCl 2 and 10 with 100 mM), encapsulation with basal encapsulation medium without later cold storage (30 embryos treated with 50 mM CaCl 2 and 10 with 100 mM), and the controls (no encapsulation, no cold storage; 30 embryos treated with 50 mM CaCl 2 and 10 with 100 mM). A total of 110 embryos were used for the whole experiment.
Conversion medium
After stratification and eventual encapsulation procedures, mature 1.5 ± 0.5 cm-sized synthetic seeds, or somatic embryos in the case of controls, were converted to plantlets in test tubes with basal medium supplemented with 1% (w/v) agar, 1.5% (w/v) sucrose, 0.2 lM BA and 0.5 lM IBA, and plugged with BellCo Ò caps, unless otherwise stated. Conversion took place in a growth chamber at 25 ± 2°C under coolwhite fluorescent light (50 lmol m -2 s -1 photon flux density) and a 16 h photoperiod. Conversion rate was assessed 30 days after the beginning of the experiment.
Statistics
For statistical calculations of the conversion (i.e., elongation of both embryo root and shoot) rate of the different experiments, expressed as percentages, a log-linear model was fitted using a Chi-square test at the level of a = 0.05 significance, with the General log-linear analysis module of the statistical package SPSS v 14.0.1 for Windows (SPSS inc., 2005) .
Results
Automatic monitoring of somatic embryo growth
Determination coefficients for the regression models fitted between projected area and fresh weight are shown in Table 1 . The best fitting model is the power regression (Adjusted R-squared = 0.96447, P \ 0.0001): FW = 0.607272 9 PA 1.224703 Where FW is the somatic embryo fresh weight, in mg, and PA the projected area, in mm 2 (Fig. 1) .
Encapsulation of mature somatic embryos
The cotyledons of the encapsulated mature somatic embryos turned green within a week of the beginning of the conversion experiments. Embryos converted to plantlets formed a well developed root which emerged through the alginate capsule. In most cases, cork oak plantlet regeneration was complete within a month (Fig. 2) . Experiment 1: effect of encapsulation combined with the mineral composition of the conversion medium on cork oak synthetic seed conversion
The log-linear analysis showed that both factors assayed, that is, both encapsulation of the somatic embryos and the presence of mineral nutrients in the conversion medium significantly affected conversion rate at the 0.05 level, but the interaction between both factors was not significant. The presence of mineral nutrients in the conversion substrate favoured conversion. The highest conversion rates were 67.5% for non-encapsulated embryos and 29.2% for encapsulated embryos set to convert on medium consisting of macronutrients (Sommer et al. 1975) , microminerals and cofactors (Murashige and Skoog 1962) , 1.5% (w/v) sucrose, 1% (w/v) agar, 0.2 lM BA and 0.5 lM IBA. On the contrary, the conversion rate of non-encapsulated cork oak somatic embryos on medium without mineral nutrients or further additives dropped to 17%, and to 0% in the case of encapsulated embryos.
Conversion of cork oak synthetic seeds was significantly higher with the addition of mineral nutrients to the capsule (16.3 and 9.5% conversion rates for embryos encapsulated with and without sucrose added to the capsule, respectively) than without the addition of mineral nutrients to the capsule (4.6 and 0% conversion rates for embryos encapsulated with and without sucrose added to the capsule, respectively). There were no significant differences due to the effect of sucrose or to the interaction between both factors.
Experiment 3: effect of the addition of sucrose to the capsule and cold storage of synthetic seeds on the conversion rate A statistically significant difference was obtained between encapsulated somatic embryos converted on basal conversion medium without prior cold treatment (conversion rate 73%, P \ 0.05) and all other treatments (Fig. 3) . Neither the addition of sucrose to the capsule of cork oak synthetic seeds nor the interaction between the addition of sucrose to the capsule and cold storage of the encapsulated somatic embryos were statistically significant. Somatic embryos encapsulated with 3% sucrose and cold stored at 4°C for two months reached a 53% conversion rate (Fig. 3 ).
Experiment 4: effect of encapsulation, cold storage at 4°C and calcium chloride concentration on the conversion of encapsulated somatic embryos
Neither encapsulation nor later cold storage at 4°C for two months of the cork oak somatic embryos significantly affected conversion rate as compared to the controls. No significant differences were found between alginate complexing with 50 or with 100 mM CaCl 2 either. Conversion rates reached 65% for non-encapsulated embryos (controls), 40 and 70% for non-cold stored, encapsulated embryos with 50 or with 100 mM CaCl 2 complexation, respectively, and 55 and 30% for cold-stored, encapsulated embryos with 50 or with 100 mM CaCl 2 complexation, respectively.
Discussion
Mathematical models for the growth and conversion of somatic embryos have been developed with the aim of monitoring the large scale production of microplants from other economically important species, such as oil palm (Konan et al. 2006) . The technique developed here for monitoring the growth of cork oak somatic embryos inside the Petri dish with a standard system of image capture and digital image analysis simplifies the problem of quantifying and comparing growth in different treatments and culture media. The method warrants aseptic conditions preventing eventual contamination risks and opens the possibility of an automated control of the cultures for the future up scaling of plant production. The presence of mineral nutrients favoured the conversion rate of synthetic seeds in cork oak. This result provided a clue for the importance of mineral nutrients on the viability of encapsulated somatic embryos. The addition of mineral nutrients to the capsule confirmed that result. Also, previous stratification and the addition of sucrose proved to be beneficial for the conversion of cork oak synthetic seeds. Other researchers also have observed improved conversion results using the so-called synthetic endosperms (Germanà et al. 2007) . Also in the related species Q. robur, significant improvements in conversion rates (26%) were found for one cell line of pedunculate oak somatic embryos with the inclusion of nutrients and sugar to the encapsulation matrix over the control group without nutrients in the capsule (Prewein and Wilhelm 2003) . Other authors have observed similar results in other woody species (Maruyama et al. 1997) . On the other hand, the encapsulation of narrow-leaved ash somatic embryos in sodium alginate beads adversely affected plant conversion, regardless of nutrient additions to the alginate, and 65% of non-encapsulated somatic embryos were successfully converted into whole plantlets on plant growth regulator-free MS medium in comparison to 23% of the encapsulated ones (Tonon et al. 2001) . Some authors noted that variables related to the encapsulation method, including alginate type and concentration, medium and methods used to produce synthetic seeds, were responsible for significant variation in conversion percentages in alfalfa, carrot and celery (Redenbaugh et al. 1987 (Redenbaugh et al. , 1993 . On the other hand, the concentration of CaCl 2 was not relevant for the quality of synthetic seeds in our case. It has been reported that both encapsulated and non-encapsulated somatic embryos of interior and black spruce survived one month of storage at 4°C with no loss in conversion capacity (Lulsdorf et al. 1993) . Encapsulated somatic embryos of Pinus patula stored at 2 or 4°C for four months showed high conversion rates (73 to 61%, resp.), but when stored at higher temperatures (e.g., room temperature 27°C) for 40 days they showed only 6% conversion (Malabadi and van Staden 2005) . The conversion percentage decreased with an increase in storage time and temperature. Nevertheless, storage of encapsulated somatic embryos at low temperature for longer periods resulted in a sudden drop in the conversion percentage to less than 6% on 130 and 140 days. Redenbaugh et al. (1987) proposed that a decline in the conversion frequency observed among encapsulated propagules stored at low temperatures may have resulted because of inhibited respiration of plant tissues, perhaps due to alginate cover. We observed a moderate decrease of conversion rate in our cork oak synthetic seeds stored at 4°C for two or five months, from 73% in the case of somatic embryos encapsulated with 3% sucrose, to 53% for embryos stored at 4°C for two months, and 33% for embryos stored at 4°C for five months. Successful conversion of encapsulated somatic embryos following the cold storage (4°C) indicates that the method described in this paper could be potentially used to preserve desirable elite genotypes of cork oak over a short period. This could also facilitate transport of synthetic seeds to extension centres and laboratories of distant places while maintaining their viability. We conclude that the present study reports an efficient optimization of encapsulation parameters for the large scale production and in vitro storage of cork oak synthetic seeds from somatic embryos. These results are a step towards adapting storage techniques for synthetic seeds of this species.
